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Guanine nucleotide exchange factors activate Rab8a for Toll-like receptor
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ABSTRACT
Macrophages are important immune sentinels that detect and clear pathogens and initiate inflamma-
tory responses through the activation of surface receptors, including Toll-like receptors (TLRs). Activated
TLRs employ complex cellular trafficking and signalling pathways to initiate transcription for inflamma-
tory cytokine programs. We have previously shown that Rab8a is activated by multiple TLRs and
regulates downstream Akt/mTOR signalling by recruiting the effector PI3Kγ, but the guanine nucleotide
exchange factors (GEF) canonically required for Rab8a activation in TLR pathways is not known. Using
GST affinity pull-downs and mass spectrometry analysis, we identified a Rab8 specific GEF, GRAB, as
a Rab8a binding partner in LPS-activated macrophages. Co-immunoprecipitation and fluorescence
microscopy showed that both GRAB and a structurally similar GEF, Rabin8, undergo LPS-inducible
binding to Rab8a and are localised on cell surface ruffles and macropinosomes where they coincide
with sites of Rab8a mediated signalling. Rab nucleotide activation assays with CRISPR-Cas9 mediated
knock-out (KO) cell lines of GRAB, Rabin8 and double KOs showed that both GEFs contribute to TLR4
induced Rab8a GTP loading, but not membrane recruitment. In addition, measurement of signalling
profiles and live cell imaging with the double KOs revealed that either GEF is individually sufficient to
mediate PI3Kγ-dependent Akt/mTOR signalling at macropinosomes during TLR4-driven inflammation,
suggesting a redundant relationship between these proteins. Thus, both GRAB and Rabin8 are revealed
as key positive regulators of Rab8a nucleotide exchange for TLR signalling and inflammatory programs.
These GEFs may be useful as potential targets for manipulating inflammation.

Abbreviations: TLR: Toll-like Receptor; OCRL: oculocerebrorenal syndrome of Lowe protein; PI3Kγ:
phosphoinositol-3-kinase gamma; LPS: lipopolysaccharide; GEF: guanine nucleotide exchange
factor; GST: glutathione S-transferases; BMMs: bone marrow derived macrophages; PH: pleckstrin
homology; GAP: GTPase activating protein; ABCA1: ATP binding cassette subfamily A member 1;
GDI: GDP dissociation inhibitor; LRP1: low density lipoprotein receptor-related protein 1
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Introduction

Rab8 is a multifunctional member of the small GTPase
family of Rab molecular switches that commonly reg-
ulate membrane trafficking, cell shape, movement and
receptor signalling [1,2]. There are two isoforms of
Rab8: Rab8a and 8b, which share 83% peptide sequence
homology [3]. The expression levels of Rab8a and 8b
vary in some cell types and in many instances the
functional overlap or differences are unclear [3,4].
Rab8 functions in several guises as a regulator of cel-
lular trafficking, including apical membrane morpho-
genesis and ciliogenesis in epithelial cells to facilitate
processes such as migration, cell polarization and sig-
nalling [3,5,6]. Rab8 can interact with a variety of

effector molecules, including the Oculocerebrorenal
syndrome of Lowe protein (OCRL), Optineurin,
MICAL-L1 and L2 and myosins V and VI [7–10].
Much less is known about the function of Rab8 in
cells of the immune system. In macrophages, Rab8 is
involved in controlling the turnover and recycling of
cell surface proteins, such as the metalloproteinase
MT1-MMP [11] and the ATP-cassette transporter
ABCA1 [12] and we have shown that Rab8a has
a role in TLR signalling in these cells [12,13].

Macrophages employ the pattern recognition receptors
of the Toll-like receptor (TLR) family to detect molecular
signals from different classes of pathogens, including bac-
teria and viruses [13]. TLR4, which is activated by the
lipopolysaccharide (LPS) of Gram-negative bacteria, is
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one of best-characterised innate immune receptors. LPS
activation of TLR4 initiates complex signalling pathways
mediated through cell surface and endosomal adaptors,
that drive transcriptional programs for the synthesis and
secretion of inflammatory cytokines and chemokines. We
showed that Rab8a is activated (GTP-bound) by LPS,
downstream of TLR4, and also in response to agonist
activation of other TLRs [14]. Rab8a in macrophages is
enriched dynamically on cell surface ruffles and the early
macropinosomes they give rise to, eventually being
depleted from the macropinosome as it matures to be
replaced by Rab5. Studies using a Rab8a biosensor demon-
strated that Rab8a is active on early macropinosomes in
macrophages as the likely site for LPS-induced signalling
[15]. Most recently we have shown that TLR crosstalk
activation of the endocytic receptors low density lipopro-
tein receptor-related protein 1 (LRP1) recruits Rab8a for
signalling downstream of TLRs [16]. In this pathway, TLR-
activated Rab8a recruits the class 1B PI3-kinase PI3Kγ, as
its effector to enhance Akt and mTOR signalling [17]. The
serine/threonine kinase Akt, is recruited and activated
upon recognition of the PI3Kγ product phosphatidylinosi-
tol (3,4,5)-trisphosphate [PtdIns(3,4,5)P3] [18], triggering
signalling cascades, such as mTORC1, that help to bias
cytokine output [19]. Under the influence of Rab8a with
PI3Kγ, macrophages are reprogrammed to an anti-
inflammatory or M2-like status that constrains inflamma-
tion [14]. Thus, Rab8a has a key role in directing
macrophage responses and in controlling TLR-induced
inflammation. The molecules responsible for the TLR-
induced activation of Rab8a are yet to be identified and
will be the focus for this study.

The activation of Rab GTPases is typically dependent
on guanine nucleotide exchange factors (GEFs) that pro-
mote nucleotide exchange and GTP binding [20–23].
There are twowell-known, structurally-similar and potent
Rab8 specific GEFs: GRAB and Rabin8 [24–26]. Rabin8 is
arguably the better known of the two, having been first
identified in a yeast-2 hybrid screen using a dominant
negative form of the Rab8b isoform [5]. Rabin8 is
a mammalian homolog of the yeast GEF protein Sec2p
and it has since been implicated in regulating Rab8 activa-
tion inmultiplemembrane trafficking and vesicular trans-
port pathways, most notably the targeting of cellular
components for ciliogenesis [27,28]. GRABwas first iden-
tified as a neuronal specific Rab3a GEF, facilitating the
release of neurotransmitters via synaptic vesicle transport
[29] and then later shown to have a greater binding affinity
for Rab8 compared to Rab3 [26]. GRAB shares structural
similarities with Rabin8, including a common Sec2 coiled-
coil GEF domain and a C-terminal Rab11 binding site
[24]. GRAB and Rabin8 also demonstrate GEF activity in
the same pathways, such as in neurite outgrowth [30,31].

However, despite their similarities, the roles of Rabin8 and
GRAB have not been systematically studied side-by-side
in a specific cellular function or pathway.

Our studies herein set out to test and directly compare
the functions of GRAB and Rabin8 as candidate GEFs for
regulating Rab8a recruitment of PI3Kγ and Akt signalling
downstream of TLR4. Utilising biochemical and imaging
approaches we report the interaction of GRAB and Rabin8
with Rab8a and assay changes in TLR signalling after single
and double CRISPR-Cas9 deletion of both GEFs in macro-
phages. The findings reported here reveal that in macro-
phages, GRAB and Rabin8 both contribute to Rab8a
activation in response to LPS to facilitate downstream
TLR signalling. This identifies these proteins as new regu-
lators of TLR signalling, specifically with the macrophage
immune regulatory complex LRP1-Rab8a-PI3Kγ.

Materials and methods

Plasmid constructs

For the Rab8 activation assay, GST-OCRL-RBD was gen-
erated by sub-cloning human OCRL-RBD (residues
539–901) into pGEX-6p-1 and expressed in E. coli BL21
(DE3) bound to GSH-Sepharose beads as used in previous
studies [14]. Full-length mouse GRAB and Rabin8 were
PCR amplified from mouse RAW 264.7 cell cDNA and
inserted into a pEF6-GFP-C1 backbone using BamHI/NotI
and SpeI/NotI respectively. The following primers were
used to generate the constructs: Rabin8 forward 5ʹ-
AATTACTAGTATGGCTAACGACCCCTTG-3ʹ, Rabin8
reverse 5ʹ-AATTGCGGCCGCCGAGTTCCTCTTTGAA
ATA-3ʹ, GRAB forward 5ʹ- AATTGGATCCATGGAGA
TCCGAGAGAAG-3ʹ and GRAB reverse 5ʹ- AATT
GCGGCCGCCGGCCTCCTGGGGGAAGAA-3ʹ. pEGFP-
C1 vector (Clonetech) with full-length mouse Rab8a was
a gift fromM.Fukuda (TohokuUniversity), whichwas later
sub-cloned into ptd-Tomato-C1 as described in previous
work [14,17]. Full-length TRAM was cloned from RAW
264.7 cDNA into the Clontech vector pEGFP-N1 using
BamHI/HindIII [32]. The TagRFP-T-Akt1 construct was
generously provided by James Burchfield (University of
Sydney) [33]. CRISPR selection resistance plasmid
pFloxNeo-DTA was designed by Adam Wall (IMB,
University of Queensland) [14].

Cell culture and transfection

The mouse macrophage cell line RAW 264.7 was obtained
from ATCC. Cells were maintained in complete RPMI
medium (Lonza, Australia) supplemented with 10% heat-
inactivated Fetal calf serum (Thermo Trace, Australia) and
2 mM L-glutamine (Invitrogen) at 37ºC in humidified 5%
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CO2. Primary mouse bone marrow-derived macrophages
(BMMs) were differentiated from femur bonemarrow cells
for 7 days in RPMI medium supplemented with 10% heat-
inactivated Fetal calf serum (Thermo Trace, Australia),
2 mM L-glutamine (Invitrogen), 20 unit/ml penicillin,
20 µg/ml streptomycin 100 ng/ml macrophage colony-
stimulating factor-1 (CSF-1). For experimental procedures,
all cells were treated with 10 ng/ml LPS unless stated
otherwise. BMMs from TLR4 mice were kindly provided
by Matt Sweet (IMB, The University of Queensland) [34].

RAW 264.7 macrophages were transfected using
Lipofectamine 2000TM (ThermoFisher Scientific, San
Diego, CA) as per manufacturer’s instruction. Cells
were seeded either on 25mm coverslips or Mattek
35mm glass bottom dishes (Mattek Cooporation) at
a density of 0.1 × 106 cells/ml and incubated with
transfection complexes for 2–4 hr before changing the
medium, finally, cells were incubated overnight and
then used for experiments.

Rab8 activation assay and immunoprecipitation

The Rab8 activation assay, based on capture and pull-
down of GTP-Rab8a with GST-OCRL-RBD bound
GSH-Sepharose resin, has been described previously
[14]. Briefly, cells ± LPS (100 ng/ml) were lysed in ice-
cold lysis buffer A [25 mM TRIS pH 7.4, 150 mM NaCl,
5mM MgCl2, 1% NP-40, PhosSTOPTM (Roche Applied
Science, Switzerland), EDTA-free cOmplete Mini pro-
tease inhibitor (Sigma-Aldrich, Australia) and 5% gly-
cerol], and centrifuged at 14,000 × g for 15 min. Lysates
were applied to GSH-Sepharose resin with bound GST-
OCRL-RBD to capture active, GTP-loaded Rab8.
Binding was performed in microspin columns (GE
Healthcare) for 1 hr at 4ºC with constant agitation.
For the loading calibration assay, cell lysates were
applied to GSH-Sepharose resin and treated with lysis
buffer containing either 1, 10, or 100 µM of GTP or
1 mM GDP for 15 min at room temperature with
constant agitation. The nucleotide exchange reaction
was terminated by placing the sample on ice and add-
ing MgCl2 to a final concentration of 60 mM. The resin
was later washed multiple times with ice-cold lysis
buffer and bound proteins were eluted by boiling at
95ºC for 5 min in 2X SDS-PAGE sample buffer (1M
Tris pH7.4, 20% glycerol, 6mM EGTA, 2.5% SDS, 6%
β-Mercaptoethanol). Eluted samples were analysed by
immunoblotting.

For immunoprecipitations, LPS treated cells were
lysed by passage through 27-gauge needles in ice-cold
lysis buffer B [25 mM TRIS pH 7.4, 150 mM NaCl,
5mM MgCl2, 1% NP-40, 1% Triton X-100 (Sigma-
Aldrich), PhosSTOPTM (Roche Applied Science,

Switzerland), EDTA-free cOmplete Mini protease inhi-
bitor (Sigma-Aldrich, Australia) and 5% glycerol], and
centrifuged at 14,000 × g for 15 min. A small sample of
cleared cell lysate was saved as input while the rest was
mixed with antibody bound protein G beads for 1 hr at
4◦C with constant agitation. The bound proteins were
eluted from beads as described above, separated on 10%
SDS-PAGE gels and analysed by immunoblotting.
Pierce BCA Protein Assay Kits (#23,225) were used to
quantify total protein in cell lysates, according to the
manufacturer’s instructions.

Mass spectrometry

LPS treated cells were lysed as above (Immuno
precipitation, lysis buffer B) and the lysates applied
to GSH-Sepharose resin with bound GST-Rab8a and
the pulled-down samples were analysed by mass spec-
trometry using a LC MS/MS with a Shimadzu
Prominence Nano HPLC (Japan) coupled to a Triple
TOF 5600 mass spectrometer (ABSCIEX, Canada)
equipped with a nano electrospray ion source at
IMB, The University of Queensland as described pre-
viously [35]. Protein identification was performed via
database searching using ProteinPilot v4.5 (ABSCIEX,
Canada) against the UniProt_Sprot_20130205 data-
base (B106,000 entries of all species searched, FDR
of 1%).

Immunoblotting

Cell lysates were fractionated using 10% SDS-PAGE
gels and transferred onto to polyvinylidene difluoride
(PVDF) membranes (Merck Immobilon-P®) using wet
transfer apparatus (Bio-Rad). The membranes were
blotted with antibodies and visualized with an ECL kit
(SuperSignal™ West Pico) and X-ray films (FujiFilm
Super RX). Antibodies used include Rab8 (1:1000,
#610,845, BD Biosciences USA), Rabin8 (1:1000,
#12,321–1-AP, ProteinTech, USA), GRAB (1:1000,
#17,827–1-AP, ProteinTech, USA), GFP (1:2000,
#A6455, ThermoFisher Scientific, Australia), Flotillin-
1 (1/500, #610,820, BD Biosciences), β-actin (1:1000,
#A1978, Sigma Aldrich) and from Cell Signaling
Technology, USA: GAPDH (1:4000, #14C10), pAKT
(1:1000, #9271, Ser473). pERK1/2 (1:3000, #9102,
Thr202/Tyr204) and Myc (1:3000, #9B11). Secondary
anti-rabbit (1:10 000, #G-21,234, ThermoFisher
Scientific, Australia) or anti-mouse (1:10 000,
#G-20,140, ThermoFisher Scientific, Australia) conju-
gated to horseradish peroxidase were used.

SMALL GTPASES 29



CRISPR/Cas9-knockout (KO) of GRAB and Rabin8

CRISPR targeting guideRNAs were generated using pub-
lished genome sequences (NCBI). The third exon of Rabin8
and the second exon of GRAB, which contained the start
site and downstream coding regions were chosen to create
a specific double-stranded break which would result in
non-homologous end joining leading to a frameshift
mutation, effectively creating a KO. The following primer
pairs were ordered from IDT: GRAB Forward 5ʹ-
TAATACGACTCACTATAGGCAGGCGTGACACATC-
CAG-3ʹ; GRAB Reverse 5ʹ-TTCTAGCTCTAAAA
CCTGGATGTGTCACGCCTGC-3ʹ; Rabin8 Forward 5ʹ-
TAATACGACTCACTATAGAGAGAGAAGGGCTAC-
GAA-3ʹ; Rabin8 Reverse 5ʹ-TTCTAGCTCTAAAACTT
CGTAGCCCTTCTCTCT-3ʹ. These primers were used to
generate guideRNA sequences as per manufacturer’s
instructions (GeneArt™ Precision gRNA Synthesis Kit,
ThermoFisher Scientific) and combined with purified S.
pyogenes Cas9 nuclease protein (IDT) to form the genome
targeting complex. The complex was co-transfected with
a pFloxNeo resistance plasmid into RAW 264.7 cells using
the LipofectamineTM CRISPRMAXTM transfection reagent
(ThermoFisher Scientific) and transfected cells were
selected in RPMI medium with 1 mg/ml G418 (Geneticin,
Invitrogen) and clonal lineswere screened for loss ofGRAB
or Rabin8 protein expression by immunoblotting
(Supplementary Figures S1A-C).

Fluorescence microscopy

RAW 264.7 cells transfected with GFP-GRAB or GFP-
Rabin8 and td-Tomato-Rab8a ± LPS (30 min), were fixed
in 4% PFA, washed with PBS and co-stained with
Alexa350-phalloidin (1:500 for 30 min). Fixed cells were
imaged using an upright Zeiss Axiolmager equipped with
Apotome2 and Axiocam 506 camera with a mercury light
source. Imageswere captured using a 63X plan apochromat
objective oil immersion lens. For live cell imaging, cells
expressing either GFP-Rab8a or soluble-GFP and
TagRFP-T-Akt1 were incubated in Leibovitz L-15 medium
(Invitrogen) supplemented with 10% heat-inactivated fetal
calf serum (Thermo Trace, Australia) and 2 mM
L-glutamine. The cells were treated with LPS and imaged
using a Zeiss Axiovert 200 InvertedMicroscope with CSU-
X1 scanhead. GFP and RFP were sequentially imaged over
15–10 min at 5 sec intervals using a 63X LCI PlanN water
immersion lens.

Membrane fractionation

RAW 264.7 cells treated with LPS (15 min) were lysed by
passage through a 27-gauge needle in 500µl of

fractionation buffer [20 mM HEPES pH 7.4, 10 mM
KCl, 2mM MgCl2, 1 mM EDTA, 1mM EGTA, 1mM
DTT and EDTA-free cOmplete Mini protease inhibitor
(Sigma-Aldrich, Australia)]. The extract was processed
through centrifugation steps to clarify the suspension as
follows: 720 x g for 5 min (nuclei pellet), 10, 000 x g for
5 min (mitochondria pellet), 100, 000 x g for 1 hr (mem-
brane pellet) leaving a cytoplasmic supernatant. The
supernatant (cytosolic fraction) was retained, while the
membrane pellet was washed in 400µl of fractionation
buffer by pipetting and recentrifuged at 100, 000 x g for
1 hr. Finally, the membrane pellet is resuspended in 0.1%
SDS in TBS and both cytosolic and membrane fractions
were boiled in SDS-PAGE sample buffer and the samples
were used for immunoblot analysis.

Image analysis software

Analysis of immunoblots and fluorescence imaging was
performed using ImageJ software (version 2.0.0; NIH,
USA). Adobe Photoshop CS6 was also used to crop
regions of interest on images.

Statistics

Data are shown as arithmetic means ± s.e.m., unless
otherwise stated. Data sets with normal distribution
were analysed with Student’s t-test (assessed by
Shapiro-Wilk test) to directly compare one experimen-
tal variation, while a Two-way ANOVA was used for
multiple comparisons. Sidak’s method was used for
analysing variants of two-way ANOVA during multiple
comparisons. All analysed experiments used technical
replicates to compute statistical significance. In all sta-
tistical analysis, a P value < 0.05 was considered statis-
tically significant and calculated using GraphPad Prism
version 7.0 (GraphPad Software, San Diego, CA).

Results

LPS-activated Rab8a is on ruffles and early
macropinosomes in macrophages

In LPS activated macrophages, Rab8a is recruited to and
enriched on specific membrane domains at the dorsal
ruffles and macropinosomes where it facilitates TLR-
signalling functions [14,17]. Imaging on fixed and live
transfected, LPS-treated RAW 264.7 macrophages
demonstrates this membrane recruitment of Rab8a in
response to LPS. Figure 1a shows tdTomato-Rab8a
recruited abundantly to actin-rich dorsal ruffles in fixed
cells. Live cell imaging of GFP-Rab8a shows formation of
Rab8a positive macropinosomes which originate from
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ruffles, and Rab8a positive tubules that emerge from these
macropinosomes during maturation (Figure 1b). The
ruffles and early macropinosomes in particular, define
the sites where LPS-activated Rab8a participates in signal-
ling downstream of TLR4 in macrophages [14,15]. Thus,
these membrane domains also define the sites where Rab-
GEF activity is necessary for Rab8a activation to elicit TLR
signalling responses.

GRAB is a binding partner for Rab8a in
macrophages

To identify Rab8a GEFs in RAW 264.7 macrophages,
cells were activated with LPS (30 mins) and the cell
lysate was screened for Rab8a binding proteins using
GST-Rab8a pull-downs with enhanced enrichment
strategies [36]. The samples were separated on
a gradient gel (Figure 2a) and analysed by mass spec-
trometry. The results identified a number of known
Rab8a binding partners, notably the effector PI3Kγ
[14], GDP dissociation inhibitor (GDI) alpha/beta
[37,38], MSS4 [17,39–41] and, in addition, a known
Rab8 regulatory GEF, GRAB (Figure 2b,c) [24,31,39].
This is the first time GRAB has been identified as
a binding partner for Rab8a on these macrophage
membranes, prompting interest in GRAB as
a potential GEF during TLR-mediated activation of
Rab8a.

To verify GRAB’s interaction with Rab8a, we per-
formed co-immunoprecipitations. As the commercially
available Rab8a antibody was not a strong reagent for
immunoprecipitations, we stably reconstituted myc-
Rab8a by transfection in a Rab8a KO cell line pre-
viously generated using CRISPR/Cas9 editing in RAW
264.7 cells [14]. The cells ± LPS (30 min) were lysed
and immunoprecipitation experiments were performed
using myc IgG antibodies on the cell lysates. The results
confirmed that GRAB is expressed in these mouse
macrophages and its protein levels are unchanged
after acute LPS treatment; moreover, GRAB co-
immunoprecipitated with myc-Rab8a but only in LPS-
activated cells (Figure 2d). We next examined the loca-
lisation of GRAB in cells to determine membrane loca-
tions where GRAB and Rab8a might interact. RAW
264.7 macrophages transfected with GFP-GRAB were
fixed with or without prior LPS (30 min) treatment.
GFP-GRAB labelling was diffuse but with some locali-
sation on membranes, notably including membranes at
surface dorsal ruffles and on some macropinosomes
that became more pronounced after LPS treatment
(Figure 2e). Imaging of LPS treated RAW 264.7 cells
transiently co-transfected with both GFP-GRAB and
td-Tomato-Rab8a showed that both proteins are pre-
sent together on ruffles and on other membranes
throughout the cell (Figure 2f). Thus, we conclude
that GRAB is available to interact with Rab8a on dorsal

Figure 1. Rab8a localises to Ruffles and Macropinosomes in LPS stimulated Mouse Macrophages. (a) Fluorescence microscopy
images of fixed LPS-treated (30 mins) RAW 264.7 cells transiently overexpressing td-Tomato-Rab8a and stained with Alexa488-
phalloidin. (b) Live cell confocal spinning disc images of LPS-treated RAW 264.7 cells transiently transfected with GFP-Rab8a showing
enrichment of Rab8a on macropinosomes and subsequent internalisation via tubules. Movies were taken over 15 mins at 5 sec
intervals. Scale bars, 10 µm.
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Figure 2. GRAB interacts with Rab8a in an LPS dependent manner for its GEF activity. GSH-Sepharose beads with bound GST-Rab8a were
used to pull-down proteins from LPS-treated (30 mins) RAW 264.7 cell lysate and eluted with proteases. The elutes were separated on
a 7–15% SDS-PAGE gradient gel. (a) A faint band between 150 kDa and 100 kDa indicating the presence of previously identified effector
PI3Kγ and another band above 37 kDa was identified as the Rab8a GEF GRAB (~43kDa), both of which were absent in the GST control
sample. Mass spectrometry analysis identified two trypsin-digested peptides from GRAB with 95% confidence. (b) Schematic of peptide
sequences of GRAB identified from the mass spectrometry. (c) Example list of identified known Rab8a interacting proteins from the mass-
spectrometry analysis. (d) Immunoprecipitation of GRAB using anti-myc antibodies from cell lysates of Rab8a KO cells ± LPS (30 min)
reconstituted with myc-Rab8a. Fluorescence microscopy images of fixed LPS-treated RAW 264.7 cells transiently overexpressing either (e)
GFP-GRAB or (f) co-expressing td-Tomato-Rab8a and GFP-GRAB and stained with Alexa350-phalloidin. Scale bars, 10 µm. (g)
Immunoblotting for levels of GTP-Rab8 pulled-down from the lysate of control and GRAB KO cells ± LPS (100 ng/ml, 15 min) using GSH-
Sepharose beads with GST-OCRL-RBD. Levels of active Rab8 were quantified by using the densitometric ratio between the band intensities
of captured Rab8 and GAPDH. Significance was measured via two-way analysis of variance (ANOVA) (*P < 0.05, ***P < 0.001, n = 3).
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ruffles and macropinosome membranes. Taken
together the results suggest that GRAB and Rab8a
interact in LPS activated cells on these membranes for
conjoint roles in LPS-induced responses.

GRAB functions investigated in GRAB-deleted
macrophages

To assess if GRAB is responsible for TLR4-driven acti-
vation of Rab8, GRAB was genetically deleted from
RAW 264.7 macrophages by CRISPR-Cas9 gene edit-
ing. Homozygous KO clones of GRAB KO cells showed
a complete loss of GRAB protein expression
(Supplementary Figure S1A) and these cells were used
for subsequent studies. As a GEF, GRAB functions to
facilitate GTP-loading of Rab8 for subsequent effector
recruitment [24]. To assay nucleotide loading on
Rab8a, we employed a previously-described GTPase
activation assay which uses an effector binding domain
[GST-OCRL Ras binding domain (RBD)] for bead cap-
ture of GTP-loaded Rab8 (both Rab8a and Rab8b iso-
forms) (Supplementary Figure S2A) [14]. First, we
applied GDP- and GTP-loaded macrophage cell lysates
to the beads to demonstrate their ability to quantita-
tively detect levels of GTP-Rab8 (Supplementary Figure
S2B). Next, lysates from ± LPS (100 ng/ml, 15 min)
control cells and GRAB KO cells were applied to this
capture assay. Results showed that the control macro-
phages have a low basal level of GTP-bound Rab8,
which increases significantly in the presence of LPS,
and this activation of Rab8 is markedly impaired but
not completely wiped out in the GRAB KO cells
(Figure 2g). While activation of Rab8 was affected, the
phosphorylation of the MAP kinase ERK1/2 remained
unchanged between the wild-type and KO cells, sug-
gesting that other unrelated pathways were unaffected
by the deletion of GRAB.

To verify that this increase in GTP-Rab8a is LPS/TLR4
dependent, we repeated the GTP-Rab8 capture experiment
on bone marrow derived macrophages (BMMs) from
TLR4 deficient and wild-type mice. The results showed
that LPS induces activation of Rab8 in primary macro-
phages and the deletion of TLR4 decreases GTP-loading
of Rab8 (Supplementary Figure S2C). In addition, live cell
confocal imaging of LPS-treated wild-type RAW264.7 cells
co-expressing td-Tomato-Rab8a and the TLR4 adaptor
GFP-TRAM showed that both proteins are enriched on
the same macropinosomal membranes (Supplementary
Figure S2D). Thus, LPS associated activation of Rab8 is
dependent on TLR4 receptor activation, and this likely
occurs on macropinosomes. Taken together, these results

demonstrate that GRAB activates Rab8 in an LPS-TLR4
dependent manner in mouse macrophages.

Conventionally, GEFs control the spatio-temporal acti-
vation of their GTPases by helping dictate their GTP/GDP
loaded states, affecting subsequent recruitment to and
retention on specific, relevant membrane domains
[42,43]. We examined whether GRAB depletion affects
the membrane recruitment and localisation of Rab8a. In
live cell imaging of LPS-treated transfected control RAW
264.7 cells, GFP-Rab8a can be seen on membrane ruffles
that form macropinosomes and is retained on tubules that
emerge from these macropinosomes as they undergo sort-
ing and maturation (Figure 3a). Interestingly, this mem-
brane association and the behaviour of Rab8a remained
unchanged in the GRAB KO cells reflecting similarly
labelled ruffles, macropinosomes, tubules and membrane
retention times (Figure 3a). From this, we conclude that
while GRAB itself does play a role in activating Rab8, it is
not necessary for Rab8a membrane attachment or its loca-
lisation on specific membrane domains where it functions
in LPS/TLR4 signalling.

Despite GRAB not affecting Rab8a recruitment to
these surface domains, absence of GRAB in the KO
cells diminished the levels of LPS-induced Rab8 activa-
tion (Figure 2g). Therefore, we next examined if down-
stream TLR signalling in the GRAB deleted cells is
likewise impaired. Control and GRAB KO cell lysates
were collected over an LPS time course and probed by
immunoblotting to detect the phosphorylation of the
key signalling kinase, Akt [14]. We observed an LPS
induced temporal increase in phospho-Akt over
60 mins in the control cells and surprisingly, this sig-
nalling remained unchanged in the GRAB-depleted
cells (Figure 3b). As another approach, Akt signalling
was also examined in RAW 264.7 cells transiently over-
expressing GFP-GRAB and treated to an LPS time
course (Supplementary Figure S3A). As before, Akt
phosphorylation was likewise not altered in these cells.
Both these findings imply that loss or overexpression of
GRAB itself does not affect Rab8a/PI3Kγ mediated
signalling downstream of TLR4. This led us to investi-
gate whether another Rab8 GEF may also be involved
in Rab8a activation in this context.

Rabin8 is also a GEF for Rab8 in macrophages

Rabin8 is an alternative Rab8 GEF identified in other
cell types, where it is known as a key regulator of Rab8
function in membrane trafficking [24,26]. We thus
replicated our analysis of Rab8a activation and function
in macrophages using Rabin8 as the focus. Like GRAB,
Rabin8 is expressed in RAW 264.7 macrophages and it
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also co-immunoprecipitates with myc-Rab8a in an LPS-
inducible manner (Figure 4a). Transient expression of
GFP-Rabin8 in fixed RAW 264.7 cells showed localiza-
tion on cell surface membranes in the presence of LPS
(Figure 4b) and in co-transfected LPS-treated cells,
Rabin8 appeared to colocalize with td-Tomato-Rab8a
on cell surface ruffles (Figure 4c). Following this, we
generated a Rabin8 homozygous KO clonal cell line in
RAW 264.7 cells using the CRISPR-Cas9 gene editing
system (Supplementary Figure S1B) which had no
expression of endogenous Rabin8, and these cells were
then used for functional assays. In the Rab8 activation
assay, the absence of Rabin8 in the KO cells did not

affect the baseline levels of GTP-Rab8 but did reduce
the amount of LPS-induced GTP-Rab8 recovered
(Figure 4d). Despite this, live cell imaging of LPS-
treated control and Rabin8 KO cells transiently expres-
sing GFP-Rab8a revealed no change in Rab8a recruit-
ment, localisation or retention on membrane ruffles
and macropinosomes (Figure 5a). Thus, Rabin8 is simi-
lar in membrane distribution to GRAB in these cells
but it is also dispensable for Rab8a membrane enrich-
ment at these sites, despite having the ability to activate
the GTPase.

When signalling downstream of LPS-activated TLR4
was assayed, we found no change in Akt phosphorylation

Figure 3. Absence of GRAB does not affect Rab8a recruitment or downstream TLR signalling. (a) Live cell confocal spinning disc
imaging of LPS-treated control and GRAB KO cells transiently overexpressing GFP-Rab8a showing recruitment to macropinosomes
and tubules. Quantification of Rab8a retention on macropinosomes was measured by the total number of timeframes Rab8a is spent
enriched on each macropinosome, and 5 cells of each cell line was used for quantification (n = 5). Scale bars, 10 µm. (b)
Immunoblotting for levels of Akt phosphorylation using phospho specific antibodies on the lysates of control and GRAB KO cells
treated with LPS over a 60 min time course. The immunoblot is representative and levels of Akt phosphorylation was quantified
using the densitometry ratio between the band intensities of GAPDH and phospho-Akt levels. Significance was measured via two-
way analysis of variance (ANOVA) (n = 3).
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resulting from loss of Rabin8 in the KO cell line when
compared to control cells (Figure 5b). Indeed, a direct
comparison of Rabin8 KO to GRAB KO reveals that
neither condition affects Akt signalling; moreover, Rabin8
overexpression cells also had no effect on Akt phosphor-
ylation (Supplementary Figure S3B). Therefore, a change in
expression of either GRAB or Rabin8 alone is not sufficient
to affect TLR signalling driven by GTP-Rab8a (Figure 5b).
However, given the striking similarities between GRAB
and Rabin8 in both location and GEF activity in

macrophages, we hypothesized that the lack of
a functional outcome might be due to a compensatory
relationship between these proteins.

Double knockouts reveal additive functions for
GRAB and Rabin8

To further investigate the roles of bothGEFs, a double KO
of Rabin8 and GRAB together (double KO) was generated
by performing a CRISPR-Cas9 KO of Rabin8 in the

Figure 4. Rab8 GEF Rabin8 also interacts with and activates Rab8 in LPS stimulated Macrophages. (a) Immunoprecipitation of Rabin8
using anti-myc antibodies from cell lysates of ± LPS (30 min) RAW 264.7 Rab8a KO cells reconstituted with myc-Rab8a. Fluorescence
microscopy images of fixed (b) ± LPS (30 min) RAW 264.7 cells transiently overexpressing GFP-Rabin8 or (c) LPS-treated cells co-
expressing td-Tomato-Rab8a and GFP-Rabin8 and stained with Alexa350-phalloidin. Scale bars, 10 µm. (d) Immunoblotting for levels
of GTP-Rab8 pulled-down from the lysate of control and Rabin8 KO cells ± LPS (100 ng/ml, 15 min) using GSH-Sepharoase beads
with GST-OCRL-RBD. Levels of active Rab8 was quantified by using the densitometric ratio between the band intensities of captured
Rab8 and GAPDH. Significance was measured via two-way analysis of variance (ANOVA) (*P < 0.05, n = 3).
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original GRAB KO cell line, leaving no detectable expres-
sion of either protein (Supplementary Figure S1C).
A Rab8 activation assay was performed to compare the
double KO and the original GRAB KO with control cells
over a full 60 min LPS time course. In the double KO line,
the level of LPS-induced GTP-loaded Rab8 was markedly
lower than that in the single GRAB KO cells (Figure 6a).
Notably, the basal level of GTP-Rab8 in the untreated cells
was also decreased compared to both the GRAB KO and
control cells. This demonstrates that GRAB and Rabin8
contribute additively to Rab8 activation in response to
LPS, as well as co-operating to maintain a level of con-
stitutively active Rab8 in these cells.

Unexpectedly, even with both GEFs absent, live cell
imaging of GFP-Rab8a in double KO cells showed that
Rab8a recruitment to, and retention on, surface ruffles,

macropinosomes and tubules was unaffected (Figure 6b).
To examine endogenous Rab8, we performed membrane
fractionation experiments to compare Rab8 membrane
association on wild-type and double KO RAW 264.7 cells
treated with LPS (15 min) (Supplementary Figure S4). In
these LPS activated cells, Rab8 exists mostly bound to
membranes and this level was unchanged in the absence
of both GEFs. Therefore, Rab8 appears to remain asso-
ciated with cell membranes independent of its activation.

GRAB and Rabin8 both contribute to GTP-Rab8a-
mediated Akt signalling

After establishing the additive roles of GRAB and
Rabin8 in activating Rab8a, we next assayed TLR sig-
nalling in the double KO cells. Over an LPS time

Figure 5. Similar to GRAB, absence of Rabin8 does not affect Rab8a localisation and TLR signalling. (a) Live cell confocal spinning disc
imaging of LPS-treated control and Rabin8 KO cells transiently overexpressing GFP-Rab8a showing recruitment to macropinosomes and
tubules. Quantification of Rab8a retention on macropinosomes was measured by the total number of timeframes Rab8a is spent enriched
on eachmacropinosome, and 5 cells of each cell line was used for quantification (n = 5). Scale bars, 10 µm. (b) Immunoblotting for levels of
phosphorylated Akt in control, Rabin8 KO and GRAB KO cells treated with LPS over a 60 min time course. Quantification of Akt
phosphorylation was performed by using the densitometric ratio between the band intensities of phosphorylated Akt and GAPDH. The
immunoblot is representative and significance was measured via two-way analysis of variance (ANOVA) (n = 3).
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course, these cells, deleted of both GRAB and Rabin8,
had a significant decrease in phosphorylated Akt levels
compared to control cells (Figure 7a), mimicking what
was observed in Rab8a KO cells [14]. Thus, while single
KO of either GRAB or Rabin8 did not seem to affect
the phosphorylation of Akt, loss of both GEFs impaired
the function of Rab8a in modulating TLR4 signalling.
As a further test of disruption in this signalling path-
way, we also measured the phosphorylation of signal-
ling kinases downstream of Akt, including the p70S6
kinase and PRAS40 as an mTOR substrate (Figure 7b)
[17]. Both kinases showed reduced levels of phosphor-
ylation as a result of the double GEF KO. To ensure this
effect is specifically due to the loss of function of these

GEFs, we reintroduced both Rabin8 and GRAB via
transiently co-transfecting GFP-tagged versions of
these proteins into the double KO cells to measure
Akt activation (Supplementary Figure S5). As expected,
the double rescue cells showed an increase in Akt
phosphorylation in response to LPS compared to the
double KO cells. This confirms that the TLR signalling
function of Rab8a is facilitated by the additive contri-
bution of GRAB and Rabin8, and the depletion of both
proteins was needed to sufficiently disrupt Rab8a-
associated signalling. Having established the regulatory
GEFs for macrophage Rab8a-TLR signalling, we turned
our attention to identifying where this LPS associated
Akt signalling is occurring.

Figure 6. Both GRAB and Rabin8 contribute additively to LPS induced Rab8 activation but not Rab8 recruitment. (a) Immunoblotting
for levels of GTP-Rab8 pulled-down using GSH-Sepharoase beads with GST-OCRL-RBD from the lysate of double KO, GRAB KO and
control cells treated with LPS over a 60 min time course. Repeat activation assays of 15 min LPS treatments was used for
quantification. Levels of active Rab8 was quantified by using the densitometric ratio between the band intensities of captured
Rab8 and GAPDH. Significance was measured using via two-way analysis of variance (ANOVA) (*P < 0.05, **P < 0.01, n = 3). (b) Live
cell confocal spinning disc imaging of LPS-treated double KO and control cells overexpressing GFP-Rab8a showing recruitment to
macropinosomes and tubules. Quantification of Rab8a retention on macropinosomes was measured by the number of timeframes
Rab8a is spent enriched on each macropinosome, and 5 cells of each cell line was used for quantification (n = 5). Scale bars, 10 µm.
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Absence of Rab8 GEFs affects the recruitment of
Akt to signalling macropinosomes

Using a reporter assay we previously pinpointed the site
for activation of Rab8a and its PI3Kγ-associated signalling
on early macropinosomes [14]. Now, to directly visualise
Rab8a/PI3Kγ associated Akt signalling, we made use of
a fluorescent Akt reporter, TagRFP-T-Akt1 [33]. Live cell
imaging was performed on transfected double KO and
control cells transiently co-expressing GFP alone as
a soluble background label for the cells and the TagRFP-
T-hAkt1 reporter. We constructed a ratio between the

TagRFP-Akt and the soluble GFP to generate a ‘heat-
map’ to identifymembrane domains with Akt enrichment
(Figure 8), a method similarly used in a previous study to
observe enrichment of YFP-tagged Pak1-binding domain
on macropinosomes in macrophages [44]. In LPS treated
wild-type RAW 264.7 cells, we observed short bursts of
enriched Akt reporter labelling on macropinosomal
membranes denoting these as possible sites for TLR-
generated Akt signalling. Using this approach, we quanti-
fied the number of macropinosomes that were enriched
with Akt in LPS treated and untreated cells. As predicted

Figure 7. Loss of both GRAB and Rabin8 perturbs Rab8a-associated TLR signalling. Control and double KO cells were treated with LPS over
a 60 min time course and the samples were analysed for levels of phosphorylation of key signalling substrates. Representative
immunoblots of the phosphorylation levels of (a) Akt and (b) p70S6K and PRAS40. Quantification of immunoblots was performed
using the densitometric ratio between the band intensities of phosphorylated proteins and GAPDH. The gels are representative and
significance was measured via two-way analysis of variance (ANOVA), (*P < 0.05, **P < 0.01, ****P < 0.0001, n = 3 each).
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from our biochemical signalling assays, the wild-type cells
showed an increased number of Akt enrichedmacropino-
somes in response to LPS, and this increase is abolished in
the double KO cells (Figure 8). This visually demonstrates
that Rab8a-associated Akt signalling is occurring on
macrophage macropinosomes and the decrease in Akt
recruitment in the absence of both Rab8 GEFs GRAB
and Rabin8, is consistent with reduced Rab8a activation
and signalling downstream of LPS/TLR4.

Discussion

In this study, we describe an expansion of the Rab8a
complex that participates in TLR signalling in macro-
phages by identifying two GEFs responsible for acti-
vating Rab8a in this context. In its GTP-bound form,
Rab8a recruits PI3Kγ for Akt/mTOR signalling to
modulate the cytokine programs elicited through

TLR pathways in infection and inflammation. We
demonstrate that the Rab8 GEFs, GRAB and
Rabin8, interact with Rab8a in macrophages in an
LPS/TLR4 inducible fashion but gene deletion
in vitro showed that neither GEF is required for
Rab8a membrane localisation on macropinosome
membranes. The absence of either GRAB or Rabin8
affects LPS induced Rab8 GTP-loading, and deletion
of both GEFs together impairs the phosphorylation of
key kinases and signalling molecules in the LPS-
induced Akt/mTOR pathway. Finally, using
a fluorescent Akt probe, we visually confirmed that
Akt enrichment occurs on macropinosomes in
response to LPS and this recruitment of Akt is
diminished in the absence of both GEFs. Therefore,
we define a previously unknown function of GRAB
and Rabin8 in regulating macrophage TLR signalling
for the control of inflammatory responses.

Figure 8. Rabin8 and GRAB double KO reduces Akt enrichment on LPS induced Macropinosomes. Control and double KO cells were
transiently co-transfected with C1-GFP and TagRFP-T-Akt1 and live cell spinning disc confocal microscopy was performed.
A ratiometric ‘heat map’ of Akt intensity was generated by using the ratio of TagRFP-Akt1 signal intensity to the soluble GFP to
identify regions of Akt membrane enrichment. The cells were imaged with and without LPS. Macropinosomes with Akt enrichment
were counted as number of events per cell, expanded panels show examples of macropinosomes observed with and without Akt
enrichment in the control and double KO cells respectively. Movies were taken over 15 min with 5 sec intervals and quantification
was performed by counting the number of Akt enriched macropinosomes observed per cell over a sample of 5 cells for each cell line.
Significance was measured via Student’s t-test. (*P < 0.05, **P < 0.01 and n = 5 cells). Scale bars, 10 µm.
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As depicted here and in a previous study [14], Rab8a
accumulates on membrane surface ruffles and on result-
ing early macropinosomes, before it is sorted onto tubu-
lating membranes for redeployment. Here, we show that
in response to LPS, the regulatory Rab8 GEFs, GRAB
and Rabin8 are recruited to the same membrane
domains as Rab8a, where they can interact with and
activate this GTPase. The formation of ruffles, macro-
pinosomes or tubules was found not to be affected by
loss of either or both of the Rab8 GEFs, GRAB and
Rabin8. This is consistent with our previous findings
suggesting that Rab8a itself is not mechanistically
responsible for these trafficking events, but rather
a passenger on these membranes [14,45]. Similarly, dele-
tion of the Rab8 GEFs did not affect Rab8a association
with these membranes, even though depletion of either
or both GRAB and Rabin8 reduced GTP-loading of
Rab8a. This suggests that Rab8a remains bound to
these membranes, independently of these GEFs or its
activation state. Fractionation studies revealed that
Rab8a is predominantly on membranes, rather than
being in the cytosol, and this is independent of its
activation or these GEFs. This implies that Rab8 remains
stably associated in the membrane environment in these
cells. In many instances, GEFs are important for both
activating and targeting Rabs to relevant membranes for
their function. An example being the depletion or muta-
tion of Rabex-5 or Rabin8 causing mistargeting of Rab5a
and Rab8a respectively in Cos-7 cells (34). This regula-
tion can also take place as part of a Rab cascade in which
upstream Rabs recruit the GEF of the next Rab, leading
to membrane tethering, retainment and follow-up effec-
tor recruitment [43]. This cascade is a likely scenario in
macrophages, as during phagocytosis, we previously
demonstrated a tight sequence of Rab GTPases recruited
to phagosomes [46]. However, GEFs and Rab activation
are not always required for membrane attachment of the
GTPases. For instance, Rab13 remains stably associated
with endosomal or vesicular membranes, even in its
GDP-loaded state [47,48]. Additionally, other factors
can affect Rab8a membrane association, such as the
prenylation of the Rab8 C-terminal CAAX motif that
facilitates lipid binding [49] or potential co-regulation of
Rab8a escort proteins, GAPs and GDIs, all of which can
modulate Rab membrane association [50,51]. Our most
recent studies highlight important protein-protein inter-
actions that contribute to the membrane recruitment of
Rab8a to macrophage macropinosomes, where Rab8a is
tethered to the endocytic coreceptor LRP1, which is
crosstalk activated by LPS/TLR4 [16]. Taken together,
there are multiple mechanisms at play for recruiting and
retaining Rab8a on macropinosome membranes that
complement or transcend the role of Rabin8 and GRAB.

It is clear from our results that both GRAB and Rabin8
share many similarities in function in macrophages, these
findings have emerged from a side-by-side comparison of
both GEFs in this biological process. It is not apparent
that GEF expression levels are altered significantly in
these cells or processes. According to earlier data GRAB
is relatively more abundant in RAW 264.7 cells compared
to Rabin8 [52] (BioGPS: http//biogps.org). In our study,
the protein levels of GRAB and Rabin8 showed no com-
pensatory change after KO of the opposite GEF.
Furthermore, high-resolution crystal structures have
shown that both GRAB and Rabin8 bind in identical
fashion to Rab8, indirectly suggesting the potential for
these proteins to have overlapping functions [24,53].
Following this, separate functional studies performed
individually on GRAB and Rabin8 showed that both
operate in some of the same complexes. For instance
both GEFs are known to form a complex with GTP-
loaded Rab11 to facilitate Rab8 recruitment for the sub-
sequent targeting of exocytic membrane vesicles [54,55].
Both GEFs also function in the same pathways, such as
regulating the transport of membrane vesicles for neurite
outgrowth [30,31]. However, many of these studies
showed obvious phenotypes obtained by single KO,
knock-down (KD) or expression of GEF deficient
mutants for either GRAB or Rabin8 in these pathways.
In the present study we found that GRAB and Rabin8
have additive effects on Rab8a activation but both GEFs
show overlap and redundancy in facilitating Rab8a-
mediated TLR signalling. This may reflect the need for
only a transient enrichment or a modest amount of active
Rab8a required on signalling membranes to trigger acti-
vation of PI3Kγ and downstream signalling kinases. As
compared to the higher thresholds of active Rab8a likely
necessary to sustain trafficking functions.

In the context of a complex tethered by TLR-
activated LRP1, GTP-Rab8a recruits PI3Kγ, which in
turn recruits and activates Akt and mTOR kinases and
our findings now show that deletion of both GRAB and
Rabin8 affect this signalling. By utilising in-cell label-
ling of Akt we could detect its membrane enrichment
on macropinosome membranes induced by LPS.
Moreover, the effects of double GEF depletion on Akt
membrane labelling provide key functional evidence
that the macropinosomes are the site of LPS-induced
Akt signalling. PI3Kγ [56] and Akt signalling [57] play
an important role in determining the functional pro-
gramming of macrophages and their polarization into
M1 or M2 states. In turn, these macrophage programs
underpin normal, physiological activation and resolu-
tion of inflammation, that if derailed, can contribute to
inflammatory disease. Thus, we now reveal important
roles for the Rab8 GEFs, GRAB and Rabin8, in TLR-
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induced inflammatory pathways. These are the first Rab
GEFs implicated in signalling roles in these pathways
and they highlight the mechanistic importance of Rab
regulation in modulating macrophage responses in
infection and inflammation.
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